Abstract -Scalp-recorded event-related potentials (ERPs) are sensitive indicators of subtle alterations in cerebral processes. We assessed automatic auditory adaptation and detection of novel stimuli in violent and non-violent alcoholics and normal subjects. Source analysis of ERPs revealed active medial temporal and frontal regions in all subjects. Frontal lobe processed alerting tones in violent alcoholics, whereas non-violent alcoholics and normal subjects processed them in medial temporal brain areas. Detection of deviant tones appeared simultaneously in frontal and temporal areas in violent alcoholics, but sequentially in other groups. These findings imply alterations in arousal and involuntary adaptive processes in cortical networks associated with violent behaviour and alcoholism.
INTRODUCTION
Acute use of ethanol is known to be related to increased aggressive behaviour. Violent behaviour in alcoholics has been linked to altered arousal and presumably to impaired sensory adaptation (Yoshimoto et al., 1992; Volavka, 1995) . Subtle alterations in arousal and in automatic sensory adaptation can be observed in neurophysiological scalp-recorded electrical event-related brain potentials (ERPs). A late auditory cerebral response occurs in humans with a peak latency of 100 ms (known as N100 in electric recordings). This response has been extensively studied and is known to represent the activation of medial temporal auditory and frontal cortex (e.g. Hari et al., 1980; Näätänen and Picton, 1987; Bromm et al., 1992) . Furthermore, auditory N100 is a sensitive marker of sensory adaptation (Ritter et al., 1968; Fruhstorfer et al., 1970) . In addition, when unexpected deviant tones are delivered among a string of identical tones, this elicits a mismatch negativity (MMN) observed in the frontocentral electrode sites. MMN presumably reflects the function of an automatic or preattentive deviance detector in the auditory system (Näätänen et al., 1978; Näätänen and Gaillard, 1983) . Based on evidence from intracranial and lesion studies, it appears that MMN is generated in the auditory cortex, but that some frontal lobe activity contributes to it (see Alho, 1995) .
The cerebral sources of electric and magnetic brain recordings can be estimated using mathematical approaches. Non-invasive 3-dimensional source analysis of EEG and magnetoencephalographic (MEG) data allow both spatial and temporal separation of the major activity of components of ERPs. Thus, active cerebral areas and a specific sequence in their activation patterns can be proposed.
In the present study, auditory ERPs were studied as markers of arousal and adaptation in habitually violent alcoholics, in alcoholics without any history of violent behaviour, and in a group of normal, non-drinking, subjects. The ERPs were elicited using auditory stimuli while the subjects were inattentive.
First, identical tones were presented in trains separated by 12 s periods of silence; in the second set, randomly interspersed 'oddball' tones were delivered within a continuous string of similar tones. Twelve seconds is considered long enough to allow full recovery of the neural network which was activated by the previous train of tones (Sams et al., 1993) . Thus, the first tone in each train elicited an arousal. The aim of the present paper was to analyse the sources, as represented by equivalent electrical dipoles, of the auditory ERP wave forms. The source locations, source magnitudes and the temporal characteristics of the source activities between the three groups of subjects were compared.
SUBJECTS AND METHODS

Subjects
Ten habitually violent alcoholics with poor impulse control (mean age 30.3 years; all males), 10 age-matched normal subjects (mean age 31.3 years; all males), and 10 alcoholics with no history of violent behaviour (mean age 46.7 years; all males) participated in the study. All violent subjects had been committed to an extensive forensic psychiatric examination, because of serious violent offences under the influence of alcohol (for details of offences and diagnosis of violent subjects, see Table 1 ). Examination of the offenders included psychiatric evaluation, a standardized psychological test battery, Structured Clinical Interview for DSM-III-R (SCID), physical examination, electroencephalography (EEG) and observation in the security ward for 4-8 weeks. Violent subjects were abstinent and drug-free for at least 2 months prior to the examination. Violent subjects were diagnosed as typical type 2 alcoholics, six of them early onset. Non-violent alcoholics were recruited from a local rehabilitation centre for alcoholics, where they were treated non-pharmacologically for alcoholism. The abstinence and drug-free period before the recordings varied from 1 to 20 weeks in this group. These subjects had experienced difficulties in their work and social life, but none had committed any criminal offences. All non-violent alcoholics had a previous diagnosis of alcoholism (3039X; Alcoholism; DSM-III-R; American Psychiatric Association, 1987), were interviewed by an experienced psychiatrist (Structured Clinical Interview SCID; Overview and SCID II interview concerning antisocial personality disorder), and also completed the structured interview of the Michigan Alcohol Screening Test (MAST). In association with a related study, a monoamine transporter SPECT measurement, eight violent offenders received once 20 mg of citalopram perorally 2-16 h prior to ERP recordings. The single-dose effect of the 5-HT re-uptake inhibitor on ERP amplitudes was, if anything, towards reducing the ERP amplitudes in those violent subjects. All subjects gave their written informed consent after complete description of the study. The study was approved by the local ethical committee (Kuopio University Hospital).
Electrophysiological recordings
ERPs were recorded using 19 Ag/AgCl electrodes placed on the scalp according to the International 10-20 System referred to the right mastoid (see Fig. 1a for electrode montage). Electro-oculogram was continuously recorded. All signals were amplified and filtered by a Neuroscan Synamps amplifier with a passband of 0.5-50 Hz and digitized at 256 Hz. Unilateral, auditory stimulation was delivered via a small tube inserted in the right ear canal. Intermittent stimulation was 800 Hz, 85 ms tones in trains of four; interstimulus interval (ISI) of 1 s; intertrain interval of 12 s. Recording was transformed off-line to epochs of -100 to 4000 ms relative to the onset of the first stimulus of each train. Data from the second set of stimulation with continuous ISI of 1 s with randomly interspersed 'oddballs' (15%; frequency 560 Hz) were transformed to epochs from -100 to 900 ms. Epochs containing eyemovement artefacts were rejected using both automatic (±75 µV) and manual preprocessing. Data were averaged (~40 averages for intermittent stimulation and 300 averages for continuous stimulation for an individual) and digitally filtered with a low pass cut-off frequency at 20 Hz (3 dB point of 24 dB/octave roll-off). No testing was performed between details of the individual drinking history and ERP amplitudes.
Data analysis
The peak amplitudes of the first and second N100 components of the train stimuli are given in Table 2 as well as the peak latencies of the standard N100 and the MMN. Noninvasive source analysis of the ERP data, namely the first N100 in a train, the second N100 in a train, the MMN and the standard component of the MMN recording was performed with the Brain Electromagnetic Source Analysis (BESA: Scherg, 1984; Scherg and von Gramon, 1986; Scherg and Picton, 1992; Scherg and Berg, 1996) . First, two-dimensional topographic current source density maps were generated for the time window around the peak amplitudes (80-130 ms) of ERPs to identify the differences in the distributions of scalp potentials and to guide the model development. A 4-shell spherical head volume conductor model (with a radius of 85 mm) was used to develop dipole models in order to delineate active brain regions. Spatio-temporal multiple dipole modelling assumes that the equivalent electric dipole represents a small region of active parallel neurons and that the dipole has both a stationary location and orientation but changes its moment, i.e. strength, with time. The source activity represents the dipole moment. It varies in amplitude throughout the analysed window and reflects the temporal variation of the electrical current explained by the dipole. The clearer the main activation pattern of each dipole is temporally separated from the pattern of other dipoles, the more distinct and unique each source is. To achieve this, the model development involves an iterative adjustment of the parameters of each dipole in order to find the best solution minimizing the residual variance between the measured data and the model.
Grand averaged waveforms were created from individual subjects' data and multiple dipole models were independently developed for each of the grand averaged ERPs. Average reference was used. The data for violent alcoholics and normal subjects were drawn from 10 people each, but one recording of the non-violent alcoholics was technically flawed and not included. Based on previous non-invasive modelling of auditory N100, it was known that at least two dipoles, one in each hemisphere, were necessary for a stable model (Hari et al., 1980 (Hari et al., , 1982 . The modelled window was 300 ms from the stimulus onward for each ERP. Modelling was started with bilateral dipoles and these were fitted for locations and orientations within each hemisphere. Residual variance was still high and thus an additional dipole was included, starting from the centre of the head model. The role of a new dipole was to attract more distant activity in order to refine the temporal activation pattern of the existing ones, but not to overtake them. Because of a relatively small number of recording sites on the scalp it was concluded that three dipoles with their degrees of freedom (x, y, z, θ and φ) was the maximum number of dipoles in a model for the current data. Throughout the fitting procedure, the same energy, variation and separation 324 I. M. TARKKA et al. constraints were used (20, 20 and 40%, respectively). The constraints add weighting in the algorithm. All comparisons were subjected to Student's t-test (2-tailed) and P < 0.05 was accepted as significant. As a final step of source analysis, the location coordinates of each dipole were transformed into the coordinates of a stereotaxic brain atlas (Talairach and Tournoux, 1988) . This transformation was based on the measurements done on the MRI of one healthy male both in BESA and Talairach coordinates. The centre of the BESA coordinate system was placed 16 mm posterior to the vertical line at anterior commissure, and 6 mm inferior to the anterior commissure-posterior commissure line. After transformation we were able to approximate cerebral structures implicated by the models as active.
RESULTS
Grand average wave forms of the first N100, 'the arousal' of the violent alcoholics, are shown in Fig. 1a as an example of the original data. The montage of the recording electrodes is also seen in Fig. 1a . Adaptation of N100 can be expressed as the amplitude ratio between N100 elicited by the first and second tones in a train. N100 responses decreased to almost half in size after the first repetition of auditory input in controls, but not in violent offenders or in alcoholics (see also Table 2 ). Topographic maps were plotted and spatio-temporal multiple dipole models were developed for the grand average wave forms of the four conditions of each group of subjects. Voltage and current source density maps of the first N100 (in the train of four tones) containing 'the arousal' are presented in Fig. 1b . The three-dipole models of 'the arousal' condition of the subject groups are shown in Fig. 2 .
The second N100, the standard N100 and the MMN each were also modelled with three-dipole models. The models were developed independently from each other. The obtained location and orientation coordinates of the dipoles of each of the subject groups are presented in Table 3 . These dipole locations obtained from models did not significantly differ between the conditions (paired t-test, P < 0.05). The dipole moments were calculated for the window from 81 to 165 ms (residual variances ranged from 9.5 to 15.2%) in the three corresponding sets of N100 data in order to compare activation levels. For the MMN condition, the calculations were made Fig. 1 . Grand average wave form in violent alcoholics of the first N100, i.e. 'the arousal'. This is shown in a series of four tones in (a). Topographic instantaneous voltage maps (top row) and current source density maps (bottom row) are shown in (b) from normal subjects (Nor), non-violent alcoholics (Non-viol), and violent alcoholics (Viol). All maps were created for the first in a train N100 peak amplitude at 117 ms. Fig. 2 . Spatio-temporal three-dipole models of the first N100, 'the arousal', in normal subjects (Nor), non-violent alcoholics (Non-viol), and violent alcoholics (Viol). Each model is shown in posterior and top views. The location of the dipole is at its filled circle and its number is indicated at the end of the orientation arrow. The location differences were not significant.
for a longer window (81-242 ms). The total moment, i.e. the sum of the dipole moments in one model, differed between the conditions in the indicated windows, but not within any condition between the subject groups. The total moment in the first N100 was significantly higher than in the second N100. It was also higher than that in the standard tone or in the MMN condition in each subject group. The distribution of the total moment among the three dipoles in each model indicated clear differences in the spatio-temporal processing of auditory information between the subject groups. These moment distributions are presented in Fig. 3 .
As explained in the Subjects and methods section, the approximate brain regions implicated by the spatio-temporal models were approximately localized using a stereotaxic atlas. Dipole 1 was located in the left superior temporal gyrus, dipole 2 in the right superior temporal gyrus and dipole 3 in the anterior cingulate gyrus. The temporal lobe dipoles did not locate symmetrically, neither were their moments evenly distributed (see Fig. 3 ). There was a small, non-significant, variation in dipole locations from condition to condition (see Table 3 ). The frontal dipole (accounting for anterior cingulate activity) showed prominent differences between groups. It had a major 326 I. M. TARKKA et al. 8.6 3.7 7.9 2.6 11.6 1.7 1st N100/2nd N100 ratio 1.9 1.4* 1.3** *P < 0.005; **P < 0.001. Measurements were taken at vertex electrode. Table 3 . Location (x, y, z) and orientation (ϑ, φ) coordinates of the three dipoles (1, 2, 3) in each of the models created using Brain Electromagnetic Source Analysis Normals (Nor), non-violent alcoholics (Non-viol), and violent alcoholics (Viol). MMN, mismatch negativity. Fig. 3 . Graphs presenting distributions of the total moment between the three dipoles in each model. Moment is represented in µV eff . On the horizontal axis, 1 = first N100 in a train (arousal), 2 = second N100 in a train (adaptation), 3 = standard N100 (control), and 4 = N100 elicited by mismatch negativity (MMN).
role in the models of the first and second N100 in violent alcoholics, compared to non-violent alcoholics and normal subjects. This can be observed in Fig. 3 .
A temporal activation pattern (i.e. a source wave form) of each dipole illustrated the timing of the peak activity of each dipole. In MMN condition, temporal activation patterns in the superior temporal lobe and anterior cingulate area clearly suggested sequential processing of the deviant tones in normal subjects and in non-violent alcoholics. In contrast, violent alcoholics showed simultaneous processing of the deviant tone in these same brain regions, suggesting a functional difference between these groups (for temporal activation patterns see Fig. 4 ).
DISCUSSION
Violent behaviour in alcoholics has been associated with altered levels of arousal (see, e.g. Volavka, 1995) and the present analysis of N100 potentials shows evidence that alcoholics with impulsive violent behaviour have difficulty in automatic optimization of arousal and sensory response to external cues. Moreover, our evidence supports the view that automatic sensory cerebral processes differ between the subtypes of alcoholism and that these functional differences may reside in the frontal lobe.
All auditory ERP data were successfully modelled with three-dipole models. Dipole locations differed neither between the ERP types nor between the subject groups. This was expected, because of the similarity of the given tones and the simplicity of the modelling. Dipole activities (their moments), however, were sensitive measures indicating differences in levels of activity in different brain areas and in the temporal characteristics of the activation patterns. The total moment, i.e. sum of three dipole moments in one model, was higher in the 'arousal condition' in each subject group. The distribution of the moment between the temporal and frontal regions indicated more frontal lobe contribution both in the 'arousal' and in the second N100 (adaptation condition) in violent alcoholics, than in the other groups. Furthermore, the temporal activation patterns (Fig. 4) of the sources of MMN showed simultaneous processes in the frontal and temporal regions only in violent alcoholics. The lack of temporal dissociation between brain regions may have a role in the assumed increased distractibility in these violent subjects.
Adaptive pre-attentive brain mechanisms probably govern the attentive detection of novelty in the surroundings. In violent alcoholics, the altered amount of adaptation in the frontal and temporal brain regions was accompanied by temporal alteration in the frontal lobe activation during deviance detection. This may indicate a continuous inability to inhibit involuntary attention shift to the deviance in the group of violent alcoholics.
Previous studies have shown, for example, that persons exhibiting antisocial behaviour have increased ERP amplitudes (Raine, 1988) . It has been speculated that the higher amplitudes in these subjects are associated with an increased attention to stimulating events as a consequence of stimulus-seeking or sensation-seeking due to a non-optimal level of arousal. This may also be the case in the current violent subject group. In line with these speculations and the present findings, recent radioligand studies of the current population of violent alcoholics have shown that a strong neurochemical modulator of arousal, dopamine, has lower transporter densities in non-violent alcoholics in the basal ganglia, whereas the densities are Fig. 4 . Temporal patterns of source activities obtained in the models for mismatch negativity (MMN) for normal subjects (Nor), non-violent alcoholics (Non-viol), and violent alcoholics (Viol). On the left, numbers 1, 2 and 3 correspond to dipole numbers. The vertical bars indicate peak amplitudes. Note that dipoles 2 and 3 are simultaneously active in violent alcoholics, whereas the dipoles peak sequentially (separated by 24 ms) in the other two groups.
slightly higher in violent alcoholics as compared with normal subjects (Tiihonen et al., 1995) . Little evidence was found in this study for left hemisphere dysfunction or lateralization abnormalities known to have a role in predisposing to violence (Raine and Scerbo, 1991) ; however, alteration in frontal lobe function was convincing in violent alcoholics. Dysfunction in prefrontal/frontal regions may result in loss of inhibition on phylogenetically older subcortical structures which are thought to facilitate aggression (Weiger and Bear, 1988) . The current paper presents differences also in automatic sensory processes between the subtypes of alcoholism. This implies that altered frontal lobe function is associated with impulsive violent behaviour and alcoholism. Although alteration in prefrontal/frontal function may be related to violence, it is probably only a biological predisposition factor, requiring environmental, psychological and social factors for the emergence of severe violent behaviour in an individual.
